Background: Although the association between cigarette smoking and risk of type 2 diabetes is well established, its mechanisms are yet to be clarified. This study examined the possible mediating effects of adiponectin, leptin, and C-reactive protein (CRP) concentrations on the smoking-diabetes association. Methods: Between 2002 and 2011, we followed 3338 Japanese workers, aged 35-66 years, who were enrolled in the second Aichi workers' cohort study. We used multivariable-adjusted Cox regression models to determine the hazard ratios and respective 95% confidence intervals (CIs) of the association between smoking status and risk of diabetes. A multiple mediation model with bootstrapping was used to estimate the magnitude and the respective biascorrected (BC) 95% CIs of the indirect effects of smoking on diabetes through the three biomarkers. Results: Relative to never smokers, the risk of diabetes was significantly elevated in current (hazard ratio 1.75, 95% CI 1.25-2.46) and ex-smokers (hazard ratio 1.54, 95% CI 1.07-2.22). The indirect effects of smoking on diabetes through adiponectin levels were statistically significant among light (point estimate 0.033, BC 95% CI 0.005-0.082), moderate (point estimate 0.044, BC 95% CI 0.010-0.094), and heavy smokers (point estimate 0.054, BC 95% CI 0.013-0.113). In contrast, neither the indirect effects of smoking on diabetes through leptin nor CRP levels were significant, as the corresponding BC 95% CIs included zero. Conclusions: In our analysis, adiponectin concentration appeared to partially mediate the effect of smoking on diabetes, while leptin and CRP levels did not.
INTRODUCTION
Cigarette smoking is independently associated with incidence of type 2 diabetes mellitus (DM). 1, 2 Although details behind the mechanism of this association are not yet fully understood, promotion of central obesity, hypercortisolaemia, nicotineinduced impaired beta-cell function, and elevations in inflammatory markers and oxidative stress caused by smoking are suspected. 2, 3 Adiponectin and leptin are the most abundant adipocytokines produced by adipocytes and have anti-and pro-inflammatory properties, respectively. 4, 5 Smoking may cause a decrease in adiponectin levels, [6] [7] [8] [9] [10] and decreased adiponectin levels have been consistently associated with DM incidence. [11] [12] [13] [14] With regard to leptin, previous studies on its association with smoking have often yielded conflicting results: reports of decrease, 15 -18 no effect, 19 or increase 20, 21 in the leptin levels of smokers are all available. Similarly, reports on the association between serum leptin levels and DM incidence have been inconsistent: significant associations have been documented in some [22] [23] [24] but not all [25] [26] [27] studies. C-reactive protein (CRP), an acute-phase reactant produced primarily in the liver, has been shown to be a sensitive, systemic biomarker of inflammation. 28 Several studies have consistently reported a positive association between smoking and CRP levels. [29] [30] [31] [32] [33] A number of prospective studies have also described the association between circulating CRP levels and DM incidence, with some demonstrating an independently positive association, [34] [35] [36] while others show no association. 25, 26, 37, 38 We hypothesized that serum levels of adiponectin, leptin, and CRP could potentially mediate the association between smoking and incidence of DM. We focused on these three biomarkers because they are the most common biomarkers reported in the literature in relation to smoking and DM. We evaluated our hypothesis using data obtained from the second Aichi workers' cohort study. 39 
METHODS

Study population
The second Aichi workers' cohort study is an ongoing study on cardiovascular diseases among civil servants aged 35 to 66 years in Aichi Prefecture, located in central Japan. Baseline information was collected from 6648 individuals in 2002 through self-administered questionnaires and mandatory annual health check-ups provided by the worksites of study subjects. We excluded subjects with missing values for the following variables: smoking status (n = 100); adiponectin, CRP, or leptin levels (n = 2613); and other covariates (n = 332). Prevalent cases of DM (n = 265), diagnosed by self-reported medication use or baseline fasting glucose level ≥126 mg/dL, were also excluded, leaving 3338 subjects for the present analysis. The excluded subjects were not significantly different from those included in the analyses with respect to distribution of variables, including sex, age, smoking status, and DM incidence.
Subjects were followed until they retired. Workers who were reemployed after their retirement age of 60 years were kept in the cohort until they re-retired. Those who retired and were not reemployed were contacted by mail. However, those who did not provide their mailing address were censored at the time of retirement. There were no significant differences between retired subjects who provided mailing addresses and those who did not with regard to their smoking status, body mass index (BMI), and DM incidence. The study protocol was approved by the Ethics Review Committee of Nagoya University School of Medicine, Nagoya, Japan.
Measurement of exposures, confounders, and outcomes
Smoking metrics at baseline Information on smoking status was acquired through a selfadministered questionnaire. Subjects initially responded to an item that classified them as never, ex-, or current smokers. Exsmokers were defined as those who do not currently smoke cigarettes but had previously smoked for at least a year. Both current and ex-smokers were asked to report the average number of cigarettes they smoke or had smoked per day and the age at which they started smoking. Ex-smokers were also asked to specify the age at which they quit smoking. Duration of smoking for ex-smokers at baseline was calculated in years by subtracting age at the time of cessation from the baseline age. If they had quit more than one time, the subjects were asked to specify the longest duration for which they had abstained from smoking. We categorized current smokers as light (1-19 cigarettes per day), moderate (20-29 cigarettes per day), and heavy smokers (≥30 cigarettes per day). Assuming 20 cigarettes per pack, pack-years of smoking were estimated using the formula, "(cigarettes per day/20) × years smoked". Adiponectin, leptin, and CRP Venous blood samples were drawn from each subject after at least 8 h of fasting. Serum samples were stored at −80°C until biochemical assay. Adiponectin concentration was determined in a commercial laboratory using an enzyme-linked immunosorbent assay (Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan), for which the laboratory reports intra-assay coefficients of variation of 6.0% to 8.6%. Leptin concentrations were measured via radioimmunoassay (Human Leptin RIA Kit; Linco Research, Inc., St. Charles, MO, USA) in a commercial laboratory. The detection limit of the leptin assay was 0.5 ng/mL, and the inter-assay coefficients of variation were 1.79% and 1.75% for low-and high-concentration controls, respectively. High-sensitivity CRP was measured by latex nephelometry (BNII; Siemens AG, Erlangen, Germany). The assay was sensitive enough to detect 0.02 mg/L of CRP with an inter-assay coefficient of variation of <4.0%. Fasting blood glucose and other laboratory measurements Fasting blood glucose was enzymatically determined via the hexokinase method. Insulin concentration was measured by solid-phase radioimmunoassay (RIABEAD II; Dinabot Co., Ltd., Chiba, Japan). Insulin resistance was evaluated with a homeostasis model assessment (HOMA2-IR) using the University of Oxford Diabetes Trials Unit's HOMA Calculator software (downloaded at http://www.dtu.ox. ac.uk). Total cholesterol and triglycerides were also measured via enzymatic methods, while high-density lipoprotein cholesterol (HDL-C) was determined via the phosphotungstate method. Other Covariates Dietary habits during the preceding month were assessed using a validated self-administered brief diet history questionnaire. Total energy and nutrient intakes were estimated using an ad hoc computer algorithm developed for nutrient calculation of the brief diet history questionnaire, with reference to the standard tables of food composition in Japan. 40 Alcohol consumption was calculated by multiplying weekly frequency and the amount drunk on each occasion, with values then converted into grams of ethanol per day. Physically active individuals were defined as those who self-reported to be engaged in a moderate or vigorous leisuretime exercise for a total of 60 minutes or more for more than a day per month. We also assessed self-reported family history of DM among the subjects' first-degree relatives. Ascertainment of incident diabetes Incident cases of DM were ascertained using two sources of data: annual mandatory health checkups at work places and questionnaire surveys. As the health checkups were usually carried out from September to December, we defined the date of DM onset as July 1 of the year when fasting glucose level first went beyond 126 mg/dL. The self-administered questionnaire surveys were conducted between 2004 and 2011, in which participants reported their detailed medical histories of various conditions, including DM. Whenever appropriate, participants revealed the year of DM diagnosis as well as the name and address of their present or past physician. Written consent for our access to the participants' medical records from their physicians was also obtained. For cases with consent, the accuracy of self-reports (95%) was previously confirmed by reviewing their medical records, and the details of the validation study have been reported elsewhere. 39 
Statistical analyses
First, we generated descriptive statistics to determine whether there were differences in covariates among the five smoking categories (never, ex-, light, moderate, and heavy smokers). Variables with a skewed distribution (i.e., consumptions of alcohol and sugar, triglyceride, insulin, HOMA2-IR, adiponectin, leptin, and CRP levels) were log-transformed prior to further analyses to approximately normalize their distributions, and they were expressed as geometric means and 95% confidence intervals (CIs). Other continuous variables were expressed using means and standard deviations, while percentages were used for categorical variables. Analysis of variance (ANOVA) or χ 2 tests were used, as appropriate, to compare subjects' characteristics among the five smoking categories.
We used Cox proportional hazards regression models to estimate hazard ratios (HRs) and respective 95% CIs of the risk of DM among ex-smokers and the 3 categories of current smokers compared to never smokers. The models were adjusted for potential baseline confounders, including continuous variables of BMI, mean arterial pressure, sleep duration, total energy intake, alcohol consumption, sugar consumption, total cholesterol to HDL-C ratio, triglycerides, adiponectin, leptin, CRP, HOMA2-IR, as well as dichotomous variables of physical activity (yes/no) and family history of DM (yes/no). A stepwise backward elimination procedure was used to exclude from the final model those variables that did not substantially affect the results (P > 0.1). Age (continuous) and sex (dichotomous) were forced into the model at all times. The proportionality assumption was verified with log-log plots and by the use of Shoenfeld residuals. There was a tendency toward non-proportionality for the association between smoking status and incidence of DM. However, sensitivity analysis by logistic regression showed estimates similar to the Cox models, indicating no large violation of the proportionality assumption (results not shown).
Second, we conducted multiple mediation analysis using the PROCESS procedure for SPSS. 41 Standard path-analytic approaches [41] [42] [43] were followed to assess: 1) the effect of being an ex-(X 1 ), light (X 2 ), moderate (X 3 ), or heavy (X 4 ) smoker on DM incidence (Y) relative to never smokers (reference group)-c paths; 2) the differences between each smoking category and the reference group on the level of the proposed mediators (Ms), adiponectin (M 1 ), leptin (M 2 ), and CRP (M 3 )-a paths; and 3) the association between the Ms and Y while statistically equating the groups on average on X and the other potential mediators in the model-b paths ( Figure 1 ). Coefficients for a paths were estimated using ordinary leastsquares regression, whereas logistic regression was used for the coefficients of the b and c paths. All of these analyses were adjusted for the covariates included in the Cox model mentioned above. Unstandardized coefficients (β) with their standard errors (SE) are reported for each model. The c paths represent the total effects of Xs on Y relative to the reference group unadjusted for the group differences in Ms. These can be apportioned into the direct effects of being in one X group on Y relative to the reference group adjusted for the group differences in Ms (c′ paths) and the indirect effects through the Ms of being in one X group relative to the reference group on Y (estimated by the products of a and b paths-ab's). Biascorrected (BC) 95% CIs for the indirect effects were generated from 10 000 bootstrap samples, and statistical significance is indicated when the CI values do not cross zero. Bootstrapping is recommended for testing of indirect effects because it does not assume normality in sampling distribution. 43 All statistical analyses were conducted using IBM SPSS Statistics for Windows software, Version 21.0 (IBM Corp, Armonk, NY, USA), and all tests were two-sided with the significance level set at P < 0.05.
RESULTS
Baseline characteristics
Characteristics of the study population across the five categories of smoking status at baseline are shown in Tables 1 and 2 . Compared to never smokers, heavy smokers were characterized by lower serum levels of adipocytokines (adiponectin and leptin), higher levels of CRP, and more adverse cardio-metabolic risk factors. Incident diabetic cases were also more likely to be in the heavy smoker category.
Smoking status and risk of diabetes
Compared with the hazard ratio for subjects who never smoked, the age-and sex-adjusted hazard ratios of DM analyzed in aggregate were 1.62 (95% CI 1.13-2.34) among ex-smokers and 1.82 (95% CI 1.29-2.56) among current smokers. After further adjustment for physical activity, family history of DM, mean arterial pressure, and BMI, as well as log-transformed levels of HOMA2-IR, triglycerides, and adiponectin, the hazard ratios for DM were slightly attenuated but remained significantly elevated among both ex-smokers (HR 1.54, 95% CI 1.07-2.22) and current smokers (HR 1.75, 95% CI 1.25-2.46).
Analysis for current smokers stratified by the number of cigarettes smoked per day revealed a dose-dependently increased risk of developing the disease: compared with never smokers, the hazard ratios of DM were 1.35 (95% CI 0.79-2.32) among light smokers, 1.68 (95% CI 1.10-2.58) for moderate smokers, and 2.30 (95% CI 1.47-3.60) for heavy smokers in the maximally adjusted model (Table 3) . Similar results of association between smoking status and DM incidence were produced when the analysis was done in a logistic model as part of the mediation analysis (c paths in Table 4 ).
Association between smoking and adiponectin, leptin, and CRP Table 4 shows the association of each smoking category, relative to never smokers, with concentrations of adiponectin, leptin, and CRP. Significant inverse associations between current smoking and adiponectin levels were observed. The magnitudes of association with being a light, moderate, or heavy smoker were Figure 1 . A multiple mediation model illustrating potential mediatory roles of adiponectin, leptin, and CRP concentrations in the smoking-diabetes association. This figure demonstrates how we estimated the indirect effects through the proposed mediators of being in one smoking category (X 1 , X 2 , X 3 , or X 4 ) on DM incidence (Y) relative to the never smokers category. The 'c' paths represent the overall association-relative total effect-of being in a smoking category with DM incidence, and are equivalent to the unstandardized regression coefficients (β). Mediation is said to occur when (part of) this overall association is explained by a hypothesized mediator variable: adiponectin (M 1 ), leptin (M 2 ), and CRP (M 3 ). Associations of the potential mediators with each smoking category (a-paths) and their associations with DM incidence independent of one another and of the smoking category (paths b 1 , b 2 , and b 3 ) are assessed simultaneously. The product of regression coefficients a's and b's (ab's) quantifies the relative indirect effect of being in one smoking category, relative to the reference, on DM incidence through the mediators. For instance, the relative indirect effect of being an ex-smoker (X 1 ) relative to never smokers on DM incidence via adiponectin (M 1 ), leptin (M 2 ), and CRP (M 3 ) is given by products a 11 b 1 , a 21 b 2 , and a 31 b 3 , respectively. The part of the relative total effect (c 1 ) not explained by these mediating paths is the relative direct effect (c′ 1 ) of being an ex-smoker on DM incidence. Similarly, the relative total direct and indirect effects of being in the other smoking categories on DM incidence relative to the never smokers can be represented by the respective paths linking the independent, dependent, and potential mediator variables. DM, diabetes mellitus; CRP, C-reactive protein. (Table 4) . These associations with adiponectin, leptin, and CRP concentrations were independent of one another and all other covariates described above.
Mediating role of adiponectin, leptin, and/or CRP Table 5 shows the direct effects, and the indirect effects through the three potential mediators, of being in each smoking category on DM incidence relative to never smokers. When adjustments for the three potential mediators were made simultaneously, the direct effects of being an ex-, moderate, and heavy smoker on DM incidence remained significant with β (SE) = 0.480 (0.196), P = 0.015; β (SE) = 0.574 (0.230), P = 0.013; and β (SE) = 0.880 (0.247), P < 0.001, respectively.
Adiponectin levels appeared to partially mediate the association between the three categories of current smoking and DM incidence: the indirect effects of being a light (point estimate 0.033; BC 95% CI 0.005-0.082), moderate (point estimate 0.044; BC 95% CI 0.010-0.094) or heavy smoker (point estimate 0.054; BC 95% CI 0.013-0.113) on DM, relative to never smokers, were statistically significant. In terms of the ratio of indirect effect to total effect, the contribution of adiponectin concentration as a mediator in the smoking-DM association was 10%, 7.2%, and 5.8% among light, moderate, and heavy smokers, respectively. In contrast, neither levels of leptin nor CRP seemed to mediate the smoking-DM association, as the corresponding BC 95% CIs included zero (Table 5) .
Additional analyses
We also conducted mediation analyses using other cardiovascular risk factors, including lipids, glucose, and blood pressure, which were significantly associated with smoking in our study. However, the indirect effects of smoking on DM incidence were statistically insignificant when each of those variables was used as a potential mediator in the model (data not shown).
DISCUSSION
The main findings of our study are threefold. First, we confirmed that risk of developing DM was significantly elevated among ex-and current smokers. Second, we found that adiponectin levels were inversely associated with both smoking and DM incidence, and that leptin and CRP levels were associated with smoking but not with DM. Finally, of the three potential mediators assessed, we found that only adiponectin mediated the association between current smoking and DM. A positive association between active smoking and DM incidence has been noted in a number of studies conducted among various populations, [44] [45] [46] [47] [48] [49] [50] [51] [52] as well as in a recent metaanalysis of 25 prospective cohort studies. 1 The substantial increase in the risk of DM among current smokers that we observed in our study is consistent with these previous reports. Our results affirm the putative influence of active smoking on the incidence of DM. Being an ex-smoker was also significantly associated with increased risk of DM compared to never smokers in the present study, although the risk is far less than the one exhibited among current heavy smokers. An increased risk of DM among ex-smokers' has been shown in some 44, 53, 54 but not all 47, 50, 52, 55 previous studies. The discrepancy might be related to differences in ex-smokers' intensity of smoking and intervals since quitting among subjects in the respective studies.
Serum adiponectin levels were inversely associated with both current smoking and DM incidence in our study. This corroborates the findings of previous studies that reported the inverse associations of adiponectin levels independently with active smoking 6-10 and DM incidence. [11] [12] [13] [14] The present study revealed, for the first time, that adiponectin may play a significant mediating role in the smoking-DM association; the effect of being a light, moderate, or heavy smoker on DM incidence may be due in part to its indirect effect through adiponectin. However, the indirect effect of being an ex-smoker on DM through adiponectin was not significant. These results may indicate that the effect of smoking on adiponectin is short-lived after smoking cessation, as shown in previous studies that found that ex-smokers' serum adiponectin were able to increase 56, 57 and be restored to normal levels in as little as 2 months after quitting smoking. 57 There are several biologically plausible mechanisms that may explain how the speculated smoking-adiponectin-DM causal pathway might work. Smoking-induced oxidative stress decreases the secretion and expression of plasma adiponectin via inhibition of the activation of phosphatidylinositol 3-kinase, 9 a key molecule in the secretion of adiponectin in adipocytes. 58 Nicotine in tobacco smoke can also directly inhibit the secretion and expression of adiponectin in adipocytes. 9, 59 Moreover, persistent production of tumor necrosis factor α induced by chronic exposure to cigarette smoke may promote the development of hypoadiponectinemia. 60, 61 Hypoadiponectinemia may, in turn, cause insulin resistance and DM; adiponectin is believed to stimulate the phosphorylation and activation of 5′-adenosine monophosphate-activated protein kinase in the liver and skeletal muscles, thereby directly regulating glucose metabolism and insulin sensitivity. 4, 62 Adiponectin may also increase fatty-acid combustion and energy consumption, in part via peroxisome proliferator-activated receptor α activation, leading to decreased triglyceride content and a corresponding coordinated increase in insulin sensitivity in the liver and skeletal muscles. 4, 63 Contrary to our initial hypothesis, neither leptin nor CRP appeared to mediate the smoking-DM association. This finding ruled out the smoking-leptin-DM or smoking-CRP-DM pathways as alternative causal pathways in the smoking-DM association. There are hardly any previous studies on this issue with which to compare our findings. However, the present finding that only adiponectin partially mediated the smoking-DM association may indicate that smoking is related to DM development through adipocyte dysfunction 64 secondary to smoking-induced adipocyte inflammation, and leptin and CRP are likely markers of such a state.
Moderate and heavy smokers had significantly lower leptin but higher CRP levels relative to never smokers in our study. Although previous studies on the influence of smoking on leptin are few, findings in available reports were inconsistent: increasing, 20, 21 reducing, [15] [16] [17] [18] or no effects 19 of smoking on leptin were documented. One of the reasons for such a discrepancy might be the fact that smoking may interact with other factors such as diet, exercise, and other lifestyle factors, as well as hormones and host inflammatory responses, and these interactions may further impair leptin regulations. 15, 16 Further studies are warranted to elucidate how these interactions may mediate the effect of smoking on leptin levels. With regard to the smoking-CRP association, the significantly elevated levels of CRP observed among moderate and heavy smokers in our study was consistent with previous findings, [29] [30] [31] [32] [33] reinforcing the acknowledged pro-inflammatory impact of smoking. 65 Neither leptin nor CRP levels were significantly associated with DM incidence in the present study. Findings of previous studies investigating the association of both biomarkers individually with DM have been equivocal: independent positive associations with the disease of either leptin or CRP were reported in some studies [22] [23] [24] [34] [35] [36] 66 but not all. [25] [26] [27] 37, 38 These inconsistencies may be due in part to variations in the potential confounders considered among studies, in addition to differences in population characteristics. For instance, the lack of a significant association with DM incidence of both leptin and CRP observed in our study was independent of adiponectin; this was not the case in previous studies reporting a positive association. [22] [23] [24] 34, 36, 66 Conversely, the results of studies that reported no significant association between DM and leptin or CRP levels were obtained after controlling for the possible effect of adiponectin. 27, 38 Since adiponectin is associated with both leptin and CRP, 67, 68 we speculate that adiponectin might negatively confound the association of leptin with DM and qualitatively confound the association of CRP with DM. Further studies specifically designed to test this hypothesis are warranted.
Our study has several limitations. First, there may have been misclassification bias, as smoking status was selfreported. However, we believe that any such bias would be non-differential and not expected to affect the results significantly. Second, some of the participants in the cohort were censored at the time of retirement. However, we believe censoring due to retirement was non-differential to the outcome and would not introduce significant bias. Third, the analysis of the association of smoking status with the three biomarkers was cross-sectional, and claims of causality should be made with caution. But the possibility of reverse causality is remote, as the levels of the biomarkers are not likely to influence smoking behavior. Fourth, total serum adiponectin was used in our analysis. The high-molecular-weight complex of adiponectin is believed to correlate with glucose tolerance similarly to or better than total serum adiponectin. 69, 70 Finally, our study was conducted in middle-aged Japanese workers; hence, further research is needed before the findings are extrapolated to other groups of subjects and races.
However, despite those limitations, our findings have the following clinical and public health implications. First, they contribute to the understanding of the pathogenesis of smoking-related DM and could aid clinicians and public health workers in advising smoking clients. Second, they indicate that an adiponectin-focused intervention in the future may help avert at least 6% of smoking-related cases of DM among current smokers. The public health implications of such an intervention could be even bigger in populations with high prevalence of smoking. In fact, the potential therapeutic role of adiponectin in the treatment of DM, insulin resistance, metabolic syndrome, and cardiovascular diseases has long been documented. 71, 72 It might also be useful to explore other lifestyle behaviors and traits of individuals that decrease or increase adiponectin concentrations and investigate them in relation to DM incidence. Such studies may identify other targets of DM prevention.
In conclusion, in addition to confirming the positive association between smoking and DM incidence, our study has revealed that serum levels of adiponectin may mediate the association, at least in part. However, levels of leptin and CRP did not appear to have a mediating role in the smoking-DM association nor were they associated individually with DM incidence. Further research is needed to elucidate the role of these biomarkers and their interaction in the pathogenesis of smoking-related DM.
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